Obtaining information on transplanted lung microstructure is an important part of the current care for monitoring transplant recipients. However, until now this information was only available from invasive lung biopsy. The objective of this study was to evaluate the use of an innovative non-invasive technique, in vivo lung morphometry with hyperpolarized ³He MRI-to characterize lung microstructure in the pediatric lung transplant population. This technique yields quantitative measurements of acinar airways' (alveolar ducts and sacs) parameters, such as acinar airway radii and alveolar depth. Six pediatric lung transplant recipients with cystic fibrosis underwent in vivo lung morphometry MRI, pulmonary function testing, and quantitative CT. We found a strong correlation between lung lifespan and alveolar depth-patients with more shallow alveoli were likely to have a negative outcome sooner than those with larger alveolar depth. Combining morphometric results with CT, we also determined mean alveolar wall thickness and found substantial increases in this parameter in some patients that negatively correlated with DLCO. In vivo lung morphometry uniquely provides previously unavailable information on lung microstructure that may be predictive of a negative outcome and has a potential to aid in lung selection for transplantation.
| INTRODUCTION
Cystic fibrosis is a leading cause of lung transplantation in the pediatric population with up to 70% of lung transplants being attributed to this disease and the majority cause of lung transplants in children aged 6-17 years.
1 Pediatric lung transplant survival has steadily increased and is now similar to median survival in adult recipients.
1
Bronchiolitis obliterans or chronic allograft dysfunction is the most frequent cause of morbidity and mortality in the lung transplant population. Bronchiolitis obliterans in pediatric patients is present in at least 35% of survivors within 5 years of the initial lung transplant and accounts for at least 48% of deaths in this population. 1 In all lung transplant recipients, prevalence is as high as 70%. 2, 3 It is initially a clinical diagnosis with a decrease in FEV 1 to <80% of the patient's best post-transplant baseline and is often confirmed by histology. 4, 5 Because early diagnosis and treatment of bronchiolitis obliterans have produced the best outcomes and that 1-year and 5-year survival is worse after retransplantation, there is an interest in developing sensitive and non-invasive techniques that can be used to monitor lung transplant Abbreviations: 3 He, hyperpolarized helium-3; CT, computed tomography; DLCO, diffusing capacity of the lung for carbon monoxide; FEV 1 , forced expiratory volume in 1 second; FRC, functional residual capacity; HU, hounsfield units; IND, investigational new drug; MRI, magnetic resonance imaging; SNR, signal-to-noise ratio; TLC, total lung capacity.
recipients. 1 ³He MRI of lungs provides important information on lung function without ionizing radiation by detecting ventilation defects in emphysema, cystic fibrosis, and bronchiolitis obliterans. 
| Pulmonary function testing
Pulmonary function tests including FEV 1 and DLCO were obtained on the same day as MRI scans. 
| MR imaging procedures

| MR image analysis
The 3 He diffusion MRI images from each channel of the receiver coil were individually phased, and the real data were jointly analyzed on a pixel-by-pixel basis utilizing Bayesian probability theory 19 and previously developed theory of gas diffusion in lung acinar airways. 13 In this approach, acinar airways (alveolar ducts and sacs) are described in terms of the Weibel model 20, 21 as cylindrical air passages covered with alveolar sleeve (see Figure 1 ). In vivo lung morphometry provides measurements of alveolar sleeve depth h, and acinar airway radii R, that are further used to calculate the standard morphometric parameters such as surface-to-volume ratio S/V, mean linear intercept L M , alveolar surface area S a , lung volume per alveolus V a , and other morphometric parameters. 13 In this study, we only use basic parameters (R and h) and S/V that is calculated as follows with alveolar diameter L
:
As lung morphometric parameters depend on the lung inflation level, 22 the results of measurements were adjusted to each patient's FRC volume using previously established relationships. 22 Specifically,
for each patient, measured values of average acinar airway radii R were reduced by 6 μm and measured values of alveolar sleeve depth h were increased by 11 μm (these adjustments correspond to a 1-L difference between FRC and the lung volume at which MRI experiment was conducted). The MRI data analysis for this study was identical to previous adult studies completed by our research group. The density of lung tissue per unit lung volume can also be estimated using S/V values from our MRI measurements. Attributing all tissue (parenchymal and non-parenchymal
12
) to alveolar walls, we obtain:
In this equation, ρ t0 =1.065 g/mL is the actual density of the lung tissue and d is the apparent thickness of alveolar walls. Thus, using Equations 2 and 3, we arrive at:
The surface-to-volume ratio (S/V) can be obtained from our in vivo lung morphometry technique using Equation 1.
Statistical analysis was completed using IBM SPSS Statistics version 22 (IBM Corp, Armonk, NY, USA). Pearson's correlation coefficient was computed when appropriate and linear regression was completed.
A P-value of <.05 was considered statistically significant.
| RESULTS
All six patients enrolled in the study have successfully completed all tests.
There were no adverse events during He diffusion MRI lung imaging.
These patients underwent 3
He diffusion MRI lung imaging at median time of 34 months after initial lung transplantation with a range of 18-72 months. For five of the patients studied, CT imaging was completed 1 day prior to the MRI study. One patient underwent CT imaging 1 month prior to the MRI for this study. All patients were clinically followed for several years before and after MRI examination. Three patients had the diagnosis of bronchiolitis obliterans at the time of the study.
The median transplanted lung lifespan or length of time after initial transplantation until death or retransplantation (terminal event) was 49 months with a range of 29-135 months. Demographic information including gender, age, height, and weight for all patients is presented in Table 1 . All patients were Caucasian. The last column in Table 1 represents lung lifespan.
(2) ρ = HU + 1000 1000 ⋅ ρ 0 ;ρ 0 = 1 g/mL.
F I G U R E 1 Schematic structure (longitudinal at left and transverse at right) of the Weibel acinar airway geometry model 20, 21 used for parameter estimate in the in vivo lung morphometry approach. 13 The model's major parameters: acinar airway external radii (R), acinar airway lumen radii (r), the depth of the alveolar sleeve (h=R−r), alveolar diameter (L), and alveolar volume (V a )
T A B L E 1 Demographic information for all patients
Patient Gender
Age at transplant (y) Age at MRI (y)
Height at MRI (cm)
Weight at MRI (kg)
Months from transplant to study Demographic information for all patients. Lung lifespan is defined as time from initial transplantation until a terminal event (death or retransplantation).
Lung lifespan (mo)
a
Patients with clinical evidence of bronchiolitis obliterans at the time of the study.
Pulmonary function testing was also obtained during the same visit as 3 He MRI. decrease), and one patient had a decline of 10% in the 6 months prior to the MRI. Overall, the percent predicted FEV 1 for all patients was decreased from their best pulmonary function testing obtained post-lung transplant with median decrease of 10% (range: 3%-49% decrease).
The results obtained with in vivo lung morphometry are summarized in Table 3 and illustrated in Figure 2 . We observed no ventilation defects in these patients that would prohibit quantitation of lung morphometry values. Images of acinar airway radii R, alveolar sleeve depth h, and alveolar tissue surface-to-volume ratio (S/V) demonstrate values different for different patients. Table 3 shows the actual measured values of lung morphometric parameters and the values adjusted to each patient's FRC. Corresponding CT images are also shown in Figure 2 .
Combining results of our 3 He-based in vivo lung morphometry and quantitative CT, we calculated the apparent alveolar wall thick-
ness-Equation 4
; results are presented in the last column of Table 3 .
As CT and MR data were acquired at different lung inflation levels, CT defined density, Equation 2, was scaled by the ratio of these volumes.
As a measure of gas diffusion across the interface between lung airspaces and alveolar capillary bed, percent predicted DLCO was compared with the apparent alveolar wall thickness determined in our study. The correlation between these parameters is presented in Figure 3 .
The morphometric lung measurements, alveolar depth, and acinar airway radius obtained from Morphometric characteristics for all patients: alveolar depth, h, in μm, acinar airway radius, R, in μm, surface-to-volume ratio in cm 
| DISCUSSION
This study demonstrates that the 3 He-based in vivo lung morphometry technique 13 yields previously unavailable clinical information in pediatric patients that have undergone lung transplantation.
One of our most intriguing findings is a strong correlation between lung lifespan and alveolar depth (Figure 4) . Patients with more shallow alveoli were likely to have a negative outcome sooner than those with larger alveolar depth. Shallowing of the alveolar sleeve of acinar airways was reported previously in emphysema patients 13, 23 and emphysema-like lung pathology can also be caused by inflammation. 33 As inflammation and lung injury are the pathophysiologies behind this finding in emphysema patients, we can hypothesize that this may play a role in bronchiolitis obliterans and its manifestations at the alveolar level. However, as our morphometric measurements were obtained only at a single time point during lung lifespan, it is not clear whether these lung characteristic were inherited from the donor lung or developed during lung adjustment in a new environment.
F I G U R E 2 Ventilation maps, parametric maps of alveolar depth (h), acinar airway radius (R), surface-to-volume ratio (S/V), and CT images for all patients (only the central slices are shown)
F I G U R E 3 Correlation between the apparent alveolar wall thickness and % predicted DLCO adjusted for patient's hemoglobin. R 2 is displayed for this association. Each point represents average value for a single patient
Mean acinar airway radius (R) and mean alveolar depth (h) are plotted against transplanted lung lifespan. R 2 is displayed for both associations. Each point represents average value for a single patient
Another interesting finding of our work is the increased thickness of alveolar walls characterized in our measurements by the parameter d-apparent alveolar wall thickness. While the thickness of alveolar walls in normal lungs is approximately d w =10 μm, 34 our data (Table 3) show increased values for most patients. One would expect that increased alveolar wall thickness would impair diffusion across the blood-alveolar membrane causing decreased DLCO, which is indeed the case in our patient population. Results in Figure 3 show very strong negative correlation between DLCO and the apparent alveolar wall thickness which in our measurements includes both parenchymal and non-parenchymal lung tissue.
Our finding of increased apparent alveolar wall thickness in transplanted lungs is also in agreement with the existing literature. Recent mouse models have been studied to replicate bronchiolitis obliterans and to evaluate lung histology. [35] [36] [37] In an orthotopic, allogeneic lung All images were free of significant artifacts, and there was minimal loss of signal in the ventilation maps (predominantly at the anterior of the middle slice in subject 5). To evaluate the quality of the MRI images, we analyzed the image SNR (from the sum of the phased images across all receiver channels). The median SNR for our patients was 95
with a range of 45-106. This quality analysis has been previously presented to describe the effect of SNR on parameter estimates. 39, 40 A limitation to this study was the small sample size. Pediatric lung transplantation at a single center is a rare event, and recruiting more patients is time-and cost-limited. In addition, during this study, 
41
Future multisite studies should be conducted to identify key time points to complete imaging both before and after lung transplantation and to establish ideal time interval to identify alveolar microstructure changes.
Overall, alveolar depth has a potential to serve as a predictive measure for transplanted lung lifespan and warrants further investigation.
| CONCLUSION
While further studies with larger number of lung transplant recipients are in order, our preliminary results suggest that in vivo lung morphometry provides unique and previously unavailable information on lung microstructure parameters that can improve care of lung transplant recipients. Indeed, a strong correlation between lung lifespan and the alveolar depth that we found has a potential to serve as a guide for lung selection and post-operative patient treatment; increased alveolar wall thickness that we report in some patients impairs alveolar wall permeability and can also be a target for therapy. 
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